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1. INTRODUCTION

1.1 Background

Aromatic hoterocycli¢ ordered rigid rod. ladder. and emiliadder polymers.

exemplified by poly(t,4-pheny lse.2, 6-benzob .sthiazoie; LPBT). poly(1,4-pomnylene.

2. 8-benzobiaoxasole) (P90), pcly' 2,5.dihydrozy. 1.4-phenyler o-2, C6*nzob;ed0I~iole)

(DHPBT), poly (2,8-dLhydroxy.l, 4-phtnylene-2. 8-benzaobiwazole) (DHPBO).

be zimidatobenzophcnantkhroline.type ladder (BBL) and semi-ladder (BBB)

polymers. combine exceptional high temperature stability (500-700"C) with exeexlent

mechanical properties @nd enviroruneaela (cherical and photochemical) resistance

(1-12]. This combination of proparties makes thoes polymers suitable for many

appIicationi, including aircraft and aerospace. high strength libers. molecular

composites, engincuing 3tructure, and he atresi stance coatings S.-I 11. This class of

high performamce organic mawriaIs has emerged from miay years of work under the

ALr Force Ordered Polymer research programn r98.-.

Racently, interesting electrical properties have been discovered in the same

ordered rigid rod and ladder polymers [1S-17], suggesting their potental for ifrther

development as electronic masterials for solid state devices f161. Roth p-type and n-

tYp. chemiCal dopingof BBB and BBL to high conductivity (-2 SIcxn) has been reported

(1[.l6). Electrochemical p-type and n-typ* doping to conduetivities as high as 5-20

S&cm was achieved in uniazially oriented 13BL films [ie]. An equally high (-20 S/cm)

electronic conductivity w33 round In an electroch•mnicaly n-type doped PUT 171. Ion

implantatIon of boron, argon. and krypton in BBL films at moderate ion energies (200

keV) and fluences (4x1016 iona/cm 2 ) Was found to increase the eoom temperature

conductivity of the ladder polymer to as high as 220 8/cm tl 1.

:3
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The results of the• initial stdies [1.3-17I of the electricl p'Vpertie of ordered

rigid rod and ladder poWymers u.glest that this class of Polymner3 rQpr*e*rits a

promising new direction for research in synthetic metals. The successful

combination of high electronic conductivity with the high thermal Stability and

excellent mechanical properties of ordered rigid rod and ladder pclymeni could result

in technologically usteful high tmrperst.re electronic materials. However, axong

the fundemental questican tbot must first be addresasd is the nature of electronic

transport in the naterials.

There are many Mecbanism for charge conduction present In electronic polymem

(19-211. The strong electron-phonon interaction in polymers often leads to the

forrmation of polarons, bipolarono or solitons which have a major effect on the

electronic statas accessible to electrons traversing a sample. The details ofthm charge

transport are very much dependent upon crystallinity. coherence length, and local

order dlenrmiinin the degree of localization of the electrons In a solid. Conductivities

lIs than 10 Sl/cm at room temperatare may be representative of thermal activation

to extended states. thermally activated hopping in energy band tails, polaro,

hopping, variable range hopping (with 1-. 2., or 3 dimensional preferred hops) or

more exotic mechanisms. For example, mobile neutral solitons have been proposed to

have a central role in rran3-(CR)% t22), while variable ranza hopping is proposed to

be th, transport mechanism for Iodine doped Shirekawa polyaeetylene 123). More

highly conducting samples (up to the range of105 S/cm) may be representative of rtrue

metallic eonduction with conductivity limrrid by barriers. The conductivity may

thet be determined by the relative s$e of the metallic islarLds and the exact

mechanisms for tunneling through or activation across the barners between the

metallic regions. For example, the metallic regons are large for highly conducting

Naarmann polyacetylene (24, and nmail for emeraldine hydrochloride f257.

4
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It is necessary to carry out a correlated array of probes to distinguish among these

charge conduction mechansmns. In addil:on t the temperature dependence of dc

conductivity to low temperatures, the electric field dependence of the conductivity,

magnetoresistance, and thermoelectric power give direct insight into the conduction

mechanism. A measure of the density of states at the Fermi energy is obtained

through magnetic susceptibility and/or electrot spin resonance. Measurresnnts of the

frequency dependence of the conductivity are particularly useful for the less

conductive samples, while Kr1C er,..Kronig analysis of reflectance for the highly

conducting systems give, insight into the conductivity for that case.

The high conductivity o. up to 224 ohm.! cn-1 , with Ion implantation of 132L1 is at

first sight surprising. Implantation of polyacetylene 126) and poly(p-phenyl Ion

sultide) [27) with similar luences yielded very much lower increases in a and

saturated o of only 10.5 ohm-1 cm.1 or less,. These saturated a's ame many order& of

magnitude below that which doping yields in those materials. One may speculate

that the ladder structure is muck more favorable for getting hlgh conductivity

through ion implantation. If bonds are broken in one strand of the ladder there would

still be a complete conduction path in the other strand. The BSL avuctuarc may be

particularly favorable In this regard because there arc two adjacent rings or more

transvere to the chain direction in portions of :be monomer. Also, the more rig'd

structure of the ladder polymers would be helpful in red•4cing scttaring of ,lectrons

due to c3cl~latIons of the rings.

It is also striking that ion implantation produces a In 83L an order of magnitude

larger than obtained by electrocheemical doping of that material. The most likely

explanation of this observation is that the carrier concentration resulting from ion

implantation is larger. It may not be possible to get a stable phase chemically or
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electroc•emlcally with Lhe ions as close as required W achieve such high carrier

conce•tration. For the case of Ar' implantation with a fnuence of 4.0z IOzl/cm2 a4 a

range of 0.36 pim [151, if every ion accepts an electron from the polymer chain the

number of'hole would be la0 21,cm 3 It is noteworthy that thi3 is of the order of the

concentration of electrons added to polyacetylene chains due to the maximum doping

seen with K+ ions, 16.61% {281. Of course not all of these holes may ontribuw to

conduction; some of them may be trapped. On the other hand. if such high doping

wipez out the gap present in undoped material, as is found in polyacetylene (291, the

conduction electron density could be higher than lxl0ZLIjcm 3 . Another possible

reason why a in implanted BBL is greater than a of electrochemically or chemically

doped BBL is that the ordered structure of the implanted polymer is probably

different, as pointed out by Jenekhe and Tibbetts 1151, the ordered structure resultIng

from implantation may favor higher electron mobility.

It is significant that, is addition to having high conductivity, the Az 4 and Kr-P

implanted BBL have a slow decrease of a with decreasing temperature T, the former

losing only -half of this conductivity between 300K and low temperature. The3e two

features are also observed for high-quality polyacetylone heavily doped with K, t,

AsF5 or 3everal other dopants. The combination of these two features suggesw that,

rather than be semicondtcting, the material consists of metallic regions separated by

barriers, consisting of less conducting regionts, through which the electrons can

tupnel (30]. In the case of Ion-implanted material the barriers are likely to be

disordered regions. To verify c•at the Ar+ implanted material (and perhaps al&1 the

K,.r+ implanted material) consizýs of metallic regions separated by barriers it would

be important to measure a vs T to lower turnperatures, 4K at least. Both a for a metal

and the tunneling probability should be independent of T in the low temperature

limit. Above that c may increase with T due to thermal fluctuations, specillcally due
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to the decrease of the elTective barrier wiath dug to increased thermal mot.ion of the

carriers from the metallic regions [30], or to phonon.assisted tunneling. The

explanation for the increase In o with T has not yet been established for higb

conductivity polyacetylene. More careful studies should also'be done for tbe B÷

implanted material to probe the origin of its lower conductlvity. In all cases, surface

chemical compositelon studies are necessary to verify that the Ion-implanted regions

are not iimply grdtphitized.

In sum, the rigid rod nature and essentially planar conformation of coAjugated

ladder polymers, such as BBL, suggest that higher electronic charge mobilLcIes may

be achievable compared to the more structurally disordered single-stranded quasi.

one-dimensional conjugated polymers such as poiyacetylene, poly p-phenylene, or

polypyrrole. The conductivities achieved to date in BBL and BEB by electrochemical

and chemical doping are howevr, far lest than in polyacetylene. It is also of critical

importance to determine the true maximum conductivity achievable in these

polymers by ion implantation.

1.2 Ion Implantation or Polymers

The general subject of ion Implantation ofpolymezs is covered irk a recent review

paper [31). Our focus here is on ion implantation as a means of enhancing the

electrical conductivity of polymers and the niiure of electronic charge tr3.rspc.-t in

such ion-implanted materials. The technique of ion implantation which is widely

used in the electronic industry 132-36], has been used to produce conducting

materials from both cunjugaaed and nontconjuugatd polymers [31, 37-451. Starttig

with nonconjugated polymers, conductivities as high as L03 3/cm have been

demonstrated [40, 411. Nearly oal the conjugated polymers that have previously been
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made conductive by ch~emical and electrochemical doping metkods have alto been

renderod highly coaductive (-10-8 w tO S~cm) by ion~ implanta3tion, including t19, 26.

37-39. 42-45,: polyacetylene. poly~sulfurnitride), poly(p-ph-.nylcea), poiyk'p-

pite nylea eaul fide). polythiophenes, polydiace yltnes, polyqui nouine,, and

polyphthaloeyaiiines. Of particular relevance is the recent study or' thte electrical

properties of ion-imnplan ted BUL flma 114, 151. The room temperature saturation

condiuctivity of such irradiated BBL flInts was found to be as high a* 220 &,cnt and to

depend on the beam cturrenL density (Jb, 14A/cM 2).

Tht growing interest in the tiect~rjcal properties of iont-implanted polymers is a

recognition of the many attractive features of ion implanitAtion as a method of

enhancing the electrical cconductivity of orgazic polyrnen. Ion-lmnplante4 conducting

polymers are generally more stable in air compared to aimllar chemnically and

elect~rochemnically doped materials. Ion implantation allows the precise control of the

concentretioni of "doparits" and hence tiectrical and physical properties,

Furtherm~re, virtually any element of the periodic table can~ be implanted, TIke high

spatia~l resolution of ion Implantation techniques, when combiined with

photolithographic tochniques allow high resolution upcitialy selective enhancement of

t~he conductivity of polyme~r *;hin Cilms that is very diffcult to achieve by chemical and

electrochemnical doping methods, In fact, the approach of high resolution selective

imnplantation "dopiag" of conjugated. pollymer thin films has already I6QerI

demonstrated and us-ad to fabricate microelectronic device structures 114, IS, 45).1

Thus. ion implantatiun .s an Ideal technique for fabricating microelectronic and

electro-optic devices frorn semicanducting anid mtetallic polymer 1.hiat films.

Unfortunately the navjre 1C electronic conduction in ion-implanted polymers is

not yet understood. A number of apparenotly voriffictin g models have been proposed to
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2. RESULTS OF CONTRACT (SUPIT 130 - 31 OCT MV91)

The objective behind this ladder and seni-ladder vly)mtr proect Proiect is
the characterisation of highly emoActing ton implanted ladder polymers that arg

both mehanically and environmentally stable and determiration of their

conduction mochanism Such ion unplanted polymers have previously reported

to havo conduetiviteti as high as 220 S&cm f151. The results of the current

contract are described below.

The strategy of understanding %,h conducting m.chanism Itvotlvs a proce. Uf

obtaainirg a broad base of informstion. Thm first stop tow de.velop taight into the

eltetranoc str•rctir of the prietlan polymenr. This is done tbrough spectroscopy

(inrrared Into the ulvravicllet, phctoinducsd spiocuocopy (infrared into the

ultraviolet), and trlrnfport s*tdies. With these technique*, the basis for

determination of s3tructure property relationships is accompiahei. Thie acond

phauC involcv ton implantation of 3elected polymers under controlled cone'tons.

Knowing the conditions csLablishes the dosag and bombarding energies to be used

when formulating modes and conductivity values. After implantation, tk.

asecment In change in cherical and eltctronic structure is to be accomplished, as

well a3 conduCtivitiCe and related trVxnpoz propertues. This is done in order to

understand the materiel and It physical and structural characteriti cs. M•thods cf

chemical and physical characterizat•on include SEM, XPS, Reman, dIThase and

specular (when po.ibte) reflectance, ooptcaL absorption, conductivity. magneto-

transport, thermopower and others. With the gathering of all this information, a

model to understand the conductivity and predict methods to control and improve it

can be developed and continuously refined
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The resu1lt for the pristine materiale -0; be discsseed flrst, due to their place

with rvspect to our strategy. Optical absorion studies arofBL. PBT, PBO, DPBT.

DPBO, and DPBI films in the infrared wore carried out using KBr pel;uts: the data

agree with the published data (3.46). Two ropreabot.ative infrared absorption spectra

are shown in Fig. I. The UV.V'.S-Near IR aboorpuon spectrum of spin coated BBL

was reported (Fig. 2), and agrees with the published data !47J. After the opUcal

studies were completed, photaiaduc•.d absorption studies were undertaken. BBL,

PBT, PBO, DPBT, DPBO, aMd DPBI were atudied in the infrared and BBL was

studied in the UV-VIS-Near IR reoson. The reult showed that only the rigid rod

sample3 show any photoinduced xbsorption. This egress with the model of Ginder

and Epstein [48) developed through the study of polysniliae and poqlt.enylene.

sulfide of the ewential role of ring rotations in sabiluzing long lived photoinduced

charges. since of the polymnere studies, only in the rtgid rod 3ystemn do tka rings have

an Ibility to rotate •6]. PDT's phowinduced spectrum is shown in Fig. 3 as a

rapresentativt of the rigid rod polymers. The broad electronic tramsition& oeutored at

about l 100cr' and > 2300 cm-1 are zndicative of self-localization of charge [481.

Transport data were also obtained. No DC or thermopower stuaies were possible

on the pristine films due to the high reststivitýes (PDC >1O,1Oohm-cm; with aA•Mpl.

resistance > 100 Gil for the confliguration used). AC transport studies were possible

and performed on BBL, DPBT, and PBO aggregate (Ilm samples. The retults

indicate a variable range hopping conductivity and provide estimates of room

temperature DC conductivity valuea or approximately 10-10 S&cm. Some results are

shown In Figs. 4.6.

We now focus on the reoults of the ion implanted sampies. All smanples were

implanted at Honeywell Corp. (Minneapolis, MN) under Professor Jenekhe's

1I
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Fig. 1. Infrarve absorbance for PBT and DPBT In KUr pell"-.
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Fig. 3. Photoinduccd absorption spectrum of PBT.
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direction using 200 keV krypton beam at a doas ijf 4 x itO. ion•u.cn 2 and a doe,

rate of 2 pAcrn2

Zn order to investigate the physical properties and probe the conducting

mechanism, temperature dependent DC conductivlty, microwave frequency

conductivity, m3gnetoreis3tnce, and thermopower studies were performed. BBL,

FBO, F.•BT, PBT, and DPRT aggregate free standing fnlms implanted at

Honeywell were studied as well as the UES implant*d agpgaw SBL sample. Room

temperature conductivities u high as 180 Sc/m were obtaiaed based on an assumed

implanted layer thicknesses of 0.36 x 10"4 cm. The implanted layer thicknesses were

determined from SEM measurements performed at Wright Patterson Air Force

Base. The conductivity and measured thick•ess are shown in Table L Rosistances

up to 230 fQ/square were determined. The temperature dependence for the Honeywell

implanted flims from 4 K to 300 K is weak and ie reminiscent of that ofa disordered

metal [49,501. Result of all free standiag nf1ms implanted at Honeywell are shown In

Figs. 7-8. Microwave conductivitjeS and dielectric cunatant measurements were

made on PBO, PBT. and DPBT. including temperature dependences. The results

agree with the DC conductivity mCasurermenta. showing a weak temperature

dependence, as shown in Figs. 9-10. In addition, based on an analysis usiang the

slopes of the DC and microwave conductivity vs temperature curves, some

localization features are present. Magnetorei3t.ance measurements were performed

with current parallel/pendicular w the magnetic field on ton implanted PBO at 4.2K

using magnetic fields as high as 8 Tesla. The data , Figs. 11-12, show a positive

magnstoresistance, typical of 3.- metallic behavior. Preliminary thermapower

measurements show a small thermopower. which indicated the material is metal.

like, and positive, Indicating hole-like carriers.

15
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Table I

Frilms Implanted at Honeywell

Films P9T DPET PSO PNMPW

u~ickncs 70 1?-21 is t0
x 1046 alcus

duickncss of
iapnwd lyc 0.3404 0.3-0.4 0.3-04 0.3-0.5
x 104 me=s

PziStlatw'ae= rugh rough neigh zngieh

unpluniad uuface wwatwk holes Retwfk network

cottducsvury '72.4 0.9 10.6 0.93

16
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To determine the chemical structure and content of the implanted samples, XPS

was performed. XFS is a surface technique, investigating the compositon to a depth

of approximately 100 A. The XPS apparatus is an OSU Chemistry Department

shared analytical instrument. The sampler studied were spin coated BBL and BBB,

and aggregate BBL, PBO, PBT, and DPBT films. All films show a depletion of S and

N after ion implantation. However, all falms Implanted at Honeywell show

impurities, moot notably fluorine. The BBL sample implanted by UES showed no

fluorine, but It did show a small impurity consisting of tantalum. Highlights of the

XPS results are summarizcd In Table 1I. After discovering this fluoring anomaly,

both Professor Jenekhe and Honeywell were contacted to try and deduce its origin.

At OSU, the pristine sUMples and nonimplanted sldcs of the Implanted samples were

studied to understand the origin of the contamination. Though fluorine was absent

from the pristine aggregate and spin coated BBL flims, DPBT, PBT, and PBO

aggregate films showed a presence or fluorine. A recent paper by Nawal i51) on XPS

work on pristine BBL shows data which agrees with our results having F and other

impurities. His interpretation is that the F, P and SI Impurities are due to con-

tamination by the polyphoaphoric acid solvent or the glass substrate (for the case of

spin coated samples). In addition, Nawals' work describes the tine3hape amalysis of

the carbon and nitrogen peaks, showing 3 and 2 inequivalent C and N atoms,

respectively. We have begun a similar lineshape analysis, and our results agree with

those of Nawal. In addition, we are examining the implanted C and N lineshapes in

order to deduce the effect of implantation on structure.

Optical studies on the implanted 3amples have taken place both at the University

of Rochester and at OSU. Professor Jenekhe has studied the spin coated BBL and

BBD samples in both the pristine and implantcd forms in the UV-VIS-Near IR. He
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hat obhsrved a brDo4 mnetal-Ak. -a6orption for the Implanted rormI. Our results at

OSU agree with Professor Jeneýehb'sresvis,. In addition, 3tOSU wu have pcrformed

difruie and specular (whcrc possible) reflectance infrared atid Raman spectrouopies

on selected samples. Using a Chemiatry Department inirrared spectrorleter we

collaborated with Prvfessor McCreery of the Chemistry Dopartment for the Raman

work. Results from the difTuse reflectance experimentri are shown in Figs, 13-14 for

the pristine and implanted sides of PBT, respectively. The resu lts indicate a loss of H

and shows spectral broadening, implying a disorderod matweial. Ramnan results fur

both pristLie and ion implanted PBO show fluorescence in the blue and green spectral

regions and that no graphLtic twuctaro is present, as indicated by uo absorption

bands at 1360 or t180 n'0. To reduce or elirainate fluore3cence, work is planned

with Professor McCreery using an inrrared diode laser, In addition, one sample was

sent toPerkin Eltner (tree efcharge) to be examined by their new FT-Raman system,

again operating with a diode (near IR) laser.

Present activities are concentrating on reproducing and confirming our

preliminary results, am well as initiating experiments using other techniques such

as EPR and electric and magnetic field dependent conductivity. Given the bse of

information developed during rhe first year of the contract, we have befgun to

consider the mechanism for conductivity in a thin disordered carbon film generatod

on a surfoce of the ladder, pseudoladder. and rigid.rod polymers by the ion

implantation process. The fuU development of a microacopic model for the charge

conduction in Ion implanted polymers is a goal to follow during the second contract

year.

21
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Table II

Hlghlights of the XPS DATA

Polyrw s.nple nuwib' Le1fcum domina weak
cle.mu cklentS

PBT PSOIOISIA9OTOA Implanted side F. C S
PBT PS010IS/A90701A nonimplanted sida F. C. N. S P. Si
PST PS02028 prrisdne C. S. N P. Si

DPBT P,•S.lO1AO0607 umplanted SW F, C S, P, N
DPBT PSOI00 06AO07 noumphplt,•d idC C, N, S P. St
DPBT PSOI004 prisdac C, N, S P. SL

PBO PSO1OI8/A00525 Implantd side F, C
PBO PS01018OAA00525 aownfnpdamed side F, C, 0, N
PBO PS01018A pnsu. C. 0, N F

BBL spin coatod 2.8 implinted C, F, A N
BBL spin coMcd 8.2 pristic C, N, 0

BBL aggpgaie implanted 3idc C N, Ta
BBL awggatw nonimplad sidf C. N. 0

22
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4. TRANSMON OF ACCOMPU INTS TO INDUVTRY AND AIR 5ORCB

The Mrincipal Investigator, Arthur J. Epstein of The Ohio Stata Unlversityand Samson Jenehke of the Unlversity of Rochester have worked closely with
researchers at Wright Patterson Air Force Base work as CII 25s Closely With theresearcher& of the UnIversity of Dayron Research Institute associated with theWright Patterson Air Force 0ac o Shahae openly all the information pained inthLs reesarch. This ttchnology transfer is facilitated by the presence of an Ohio
State University postdoctoral fellow, Dr. Andrew Burns, In reidencr a( WrlIlgt-Patterson Air eorre Base. Also Drs. lanehce and Epstein have worked closelywith scientists at Xerox Webster Research Centcr in Webster. New York
(csped ally M. Abkowitu and E. Conweal respectively) to transfer Information to
chat compeay.
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S. GRADUATE SrUDEN"M AND POSTDOCTOL• , F&.LOWS SPONSORED

BY AIR FORCE CONTACT

Tb, OhIQ Stare Universlrv

Posuloctoraj Follow

Anidrew Bums (Fulltime at Wright Patterson Air- Force Bse)

Graduate Students
Gan$ Du (50%)

Jl,,soo oo (SO,)

nLWyesify of" Ro-ha~tt

Graduate Students

John A. Osaheai (S0%)

Micheal r. Roberts (-50%)
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